How does the motion of the surrounding molecules depend on the shape of
  a folding molecular motor ? by Ciobotarescu, Simona et al.
How does the motion of the surrounding molecules depend on the shape of a folding
molecular motor ?
Simona Ciobotarescu,1, 2 Nicolae Hurduc,2 and Victor Teboul1, ∗
1 Laboratoire de Photonique d’Angers EA 4464, University of Angers,
Physics Department, 2 Bd Lavoisier, 49045 Angers, France.
2Gheorghe Asachi Technical University of Iasi, Department of Natural and Synthetic Polymers,
73, Prof. Dimitrie. Mangeron Street, 700050 Iasi, Romania.
Azobenzene based molecules have the property to isomerize when illuminated. In relation with
that photoisomerization property, azobenzene containing materials are the subject of unexplained
massive mass transport. In this work we use an idealised rectangular chromophore model to study
the dependence of the isomerization induced transport on the chromophore’s dimensions. Our
results show the presence of a motor arm length threshold for induced transport, which corresponds
to the host molecule’s size. Above the threshold, the diffusive motions increase proportionally to
the chromophore’s length. Intriguingly, we find only a very small chromophore width dependence
of the induced diffusive motions. Our very simplified motor reproduce relatively well the behavior
observed using the real DR1 motor molecule, suggesting that the complex closing procedure and
detailed shape of the motor are not necessary to induce the molecular motions.
INTRODUCTION
The design and understanding of molecular motors
have attracted considerable attention1–16 since the de-
velopment of nanotechnology that followed the vision-
ary idea of R. Feynman. While biological motor pro-
teins are ubiquitous in living organisms, synthetic molec-
ular motors are also of paramount interest due to their
simpler mechanisms, robustness in various environments
and smaller size. Molecules like stilbene, azobenzene
and their derivatives, due to their property of photo-
isomerization are of particular interest as motors, because
they do not consume or reject any waste inside the host
medium and thus are able to continue their motion in-
definitely provided that they are illuminated.
When illuminated, azobenzene doped materials are
subject to intriguing massive mass transport. While the
physical mechanism leading to that transport is still a
matter of debate17–25, there is no doubt that its ori-
gin is to be found in the photo-isomerization property
of the azobenzene molecule. Recently several important
results have improved our understanding of the mecha-
nism. i) It was reported26 that the pressure necessary
to stop the isomerization of the molecule is very large
(P > 1GPa). ii) A fluidization or a softening of the
host material around the chromophores was reported by
different groups27–30. iii) If the massive mass transport
is usually obtained from an interference pattern using
two laser beams it was found31–33 that even without
this pattern, thus with only one beam, the effect took
place. iv) A large increase of the diffusive motions of
host molecules around the chromophore during its iso-
merization has been reported in different works34,35 using
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molecular dynamics simulations. As the Stokes-Einstein
relation relates the diffusion to the viscosity, these re-
sults are in deep agreement with the experimental local
fluidization that has been reported.
Molecular dynamics simulations36–38 (MD) permit us
to gain information on the motion of each molecule of the
medium without any assumption on the origin of the un-
explained isomerization-induced transport phenomenon.
MD simulation is thus an invaluable tool39–44 to study
the origin of the isomerization-induced molecular mo-
tions in azobenzene containing materials and more gener-
ally condensed matter physics phenomena. Note however
that MD simulations are limited to short time scales and
cannot access the large time range needed to observe the
appearance of the induced patterns. Previous MD sim-
ulations found that the molecular motions increase near
the motor while observing no other important effects.
Note that it has been demonstrated analytically45 that
an isomerization-induced increase in diffusive molecular
motions is sufficient to explain the appearance of the in-
duced patterns. It is thus tempting to make the hypoth-
esis that these induced molecular motions are at the ori-
gin of the massive mass transport resulting in the induced
patterns that are observed experimentally for larger time
scales.
In reality the picture is somewhat more compli-
cated as we expect different physical mechanisms to
appear sequentially during the surface relief gratings
(SRG) formation17,46. For short time scales the chro-
mophore’s isomerization induces molecular rearrange-
ments nearby that lead to the motion of surrounding host
molecules23–25,34,35 and to its own motion resulting in the
rotation of the chromophore even at low temperatures
when the thermal diffusion is small. Then due to the
preferential light absorption in the chromophore’s dipole
direction, the chromophores align themselves along a di-
rection perpendicular to the electric field of the inci-
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2dent light17,25 leading to the appearance of new physical
mechanisms20–22,47. Recent experiments46 show that the
two types of physical mechanisms (dipoles induced or iso-
merization induced) cohabit also for larger time scales, a
result that one expects as long as there are still isomer-
izations in the medium. We are interested here only in
the short timescale physical mechanisms that are directly
induced by the isomerizations, as the effect of the align-
ment has already been studied extensively17,20–22,47.
A number of experiments have been realized in the past
decades with the aim of finding chromophores and host
materials that maximize the massive mass transports
that lead to the surface relief gratings (SRG) formation17.
However the main physical parameters that control the
mass transport are still unknown. Molecular dynamics
simulations have the advantage on experiments to per-
mit simplifications of the system, leading to easier inter-
pretations. As the temperature and density effects are
now relatively well understood, the main remaining pa-
rameters that may control the molecular motions are the
shape and relative size of the motor in comparison to the
host.
In this work, using molecular dynamics simulations, we
thus investigate the effect of the shape and relative size
of the molecular motor on the induced transport. Our
main purpose is to find the relevant physical parameters
that control the transport mechanism and as a result the
SRG formation, with the hope to lead to guidelines for
experimentalists. We also expect from the study a better
understanding of the physical phenomena at the origin of
the massive mass transport.
To be able to extract the shape effect we simplify the
motor molecule as much as possible and model the mo-
tor as flat with a rectangular shape in its relaxed (cis)
form. In the same spirit we model the motor’s closure as
a simple folding of the molecule around the center axis
(see Figures 1 and 2). We find that the simplifications
modify the motor’s efficiency only slightly, a result that is
in agreement with the large number of azo dye molecules
inducing surface relief gratings. This result shows that
the exact particular shape and closure of the DR1 motor
is not necessary to induce molecular motions inside the
host medium. We study the shape dependence of the mo-
tor’s efficiency and find the presence of thresholds on the
motor’s length while the efficiency is much less dependent
on the motor’s width. Lastly we study the different char-
acteristic length scales of the host medium in an attempt
to find a match with the observed threshold values.
CALCULATIONS
Our system contains 500 diatomic host molecules and
one molecular motor diluted inside the host medium.
We use different host molecules each constituted of
two atoms (i = 1, 2) that do interact with Lennard-
FIG. 1: (color online) Picture of the closed (cis) forms of
different model motor molecules constituted of parallel rows
of atoms. The angle between the two arms is θ = pi/3 in the
model cis form. In the trans forms the molecules are flat.
The real cis DR1 molecule is plotted for comparison. The
rectangular lines are guides to the eye.
FIG. 2: (color online) Picture of the opened (trans) form
of a model motor molecule constituted of parallel rows of
atoms. In the trans forms the molecules are flat. The real
trans DR1 molecule is plotted for comparison. Displayed
lines are guides to the eye.
Jones potentials and that differ from the parameter α.
Vij = 4ij((σij/r)
12 − (σij/r)6) with the parameters48:
11 = 12 = 0.5KJ/mol, 22 = 0.4KJ/mol, σij = ασ
0
ij
where σ011 = σ
0
12 = 3.45A˚, σ
0
22 = 3.28A˚ and α is a
constant that defines our different hosts. We use the
mass of Argon for each atom of the linear host molecule
that we rigidly bond fixing the interatomic distance
to d = α.d0 with d0 = 1.73A˚. With these parameters
the host (alone or mixed with the probe) does not
crystallize even during long simulation runs48. We
model the motor with a rectangular shape constituted
of rows of Lennard-Jones atoms with parameters:
33 = 0.996KJ/mol, σ33 = 3.405A˚. We use the following
mixing rules36: ij = (ii.jj)
0.5 and σij = (σii.σjj)
0.5
for the interactions between the motor and the host
atoms. As for the host, we use the mass of Argon for
each atom of the motor. The distance between atoms
varies for different motors but we chose the distance to
be smaller than σ33 to obtain a continuous molecule.
Unless otherwise specified, we chose a motor with a
length LT=15.4 A˚ and width W=3.9 A˚. The rectangular
3and flat motor folds periodically, with two symetrical
arms as shown in Figures 1 and 2.
With these parameters, below T = 38K the system falls
out of equilibrium in our simulations, i.e. T = 38 K is
the smallest temperature for which we can equilibrate
the system while the chromophore does not isomerize.
As a result above that temperature the medium behaves
as a viscous supercooled liquid in our simulations
and below that temperature it behaves as a solid (as
tsimulation < τα). We evaluate the glass transition tem-
perature Tg to be slightly smaller Tg ≈ 28K, from the
change of the slope of the potential energy as a function
of the temperature. However as they are modelled with
Lennard-Jones atoms, the host and motor potentials
are quite versatile. Due to that property, a shift in the
parameters  will shift all the temperatures by the same
amount, including the glass-transition temperature and
the melting temperature of the material. We have used
mainly two different hosts that we will call host1 (α = 1)
and host2 (α = 1.32).
We use the Gear algorithm with the quaternion
method36 to solve the equations of motions with a time
step ∆t = 10−15s. The temperature is controlled using a
Berendsen thermostat49. We use periodic boundary con-
ditions. When the motor is not activated, the simulation
box size doesn’t affect the results as long as the number
of host molecules is significantly larger than Nhost = 100.
When the motor is activated, an increase of the simula-
tion box size corresponds to a decrease of the concen-
tration of motor molecules, leading to a decrease of the
average induced diffusion. However the diffusion in the
vicinity of the motor is not affected by an increase of the
box size. In agreement with that result, we found that the
effect of the motor on the host decreases exponentially
with the distance, leading to no long range effects. We
model the isomerization as a uniform closing and opening
of the probe molecule shape34,35,50. The period τp of the
isomerization cis−trans and then trans−cis is also fixed
in each study (τp = 1ns (host1) or 600ps (host2)). Dur-
ing the isomerization, the shape of the motor molecule is
modified slightly at each time step using a constant step
quaternion variation. That quaternion step is calculated
so that the molecule is in the final configuration (folded
or unfolded) at the end of the isomerization. The isomer-
ization time is set at tiso = 1ps, a value chosen from the
typical DR1 folding time. The molecule thus folds con-
tinuously during tiso then stays in the cis shape during
τp/2− tiso ≈ τp/2 then unfolds continuously during tiso,
then stays in the trans shape during τp/2− tiso and the
cycle begins again. The foldings take place at periodic in-
tervals whatever the surrounding local viscosity. This ap-
proximation has recently been validated experimentally26
as the pressure that is necessary to stop the azobenzene
isomerization is very large (P > 1 GPa).
In a previous work50 we studied in detail the effects
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FIG. 3: (color online) Host mobility < r2(∆t) > (∆t = 10 ns)
dependence on the period τp between two trans-cis isomer-
izations of the motor. The small thermal mobility has been
subtracted from the results. From top to bottom: Red circles
(host 1): α = 1, σ11 = 3.45 A˚, ρ = 2.42g/cm
3, T = 10K
(T < Tg); Blue circles (host 2): α = 1.32, σ11 = 4.56 A˚,
ρ = 1.63g/cm3, T = 80K (T > Tg). The motor has a length
LT=15.4 A˚ and width W=3.9 A˚. According to the linear
response theory, the response is proportional to the stimulus,
provided that the stimulus is small enough. We see that
we are in that regime for 1/τp ≤ 2.5ns−1 i.e. τp ≥ 0.4ns,
while for larger frequencies a saturation appears due to the
decrease in the viscosity of the medium around the motor.
of the isomerization period τp on our results. We found
that with this large period an isomerization doesn’t influ-
ence the behavior of the system long enough to affect the
next isomerization effect. That means that our period is
large enough for each isomerization to be an independent
process. However experiments using azobenzene isomer-
izations often use very small light intensities, resulting
to a much larger mean period of time between isomeriza-
tions than can be achieved with simulations. It is thus
important to check in our particular model that we are
in the same physical regime than in experiments. Within
the linear response theory, the response is proportional to
the stimulus provided that the stimulus is small enough
and the period between two stimuli is large enough. If
we are inside the linear response regime with our time
periods, the larger time periods (or smaller stimuli) used
in most experiments will induce the same regime. We
show in Figure 3 that the diffusion of host molecules is
proportional to the inverse of the period in our model,
up to a frequency f = 1/τp = 2.5 ns
−1 i.e. for periods
τp ≥ 400ps. As a result in our study (τ ≥ 600ps i.e.
1/τp ≤ 1.66 ns−1 ) we are located inside the linear re-
sponse regime, that is the regime of most experiments.
Finally, when the two arms of our model motor fold,
the distance covered by each arm is ∆l = Lθ′ = 1.05L.
(θ′ = pi/2 − θ/2 = θ = pi/3 and L is the arm’s length).
Nearby host molecules can thus be pushed during the
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FIG. 4: (color online) Comparison of the mean square dis-
placements < r2(t)host > of the host molecules (host 1,
σ = 3.45A˚, l = 5.1A˚, T=10 K) when the motor is the
DR1 molecule (red continuous curve), a model motor with a
length LT=2*6.2=12.4 A˚ and width W=5.4 A˚(black dashed
curve), or a model motor with a length LT=2*5.7=11.4 A˚
and width W=3.9 A˚ (blue dotted curve).The periodic oscil-
lations in the mean square displacements correspond to the
isomerization period. These oscillations show that periodi-
cally the isomerization of the motor pushes the host molecules
away, increasing the host molecules displacements. Inset (at
the bottom): Mean square displacements < r2(t)motor > of
the motor molecule in the same conditions than above. As
there is only one motor in the simulation box, these results
are much less accurate than for the host. The oscillations
are here again due to the periodic isomerizations of the mo-
tor molecule. These oscillations show that the isomerization
modifies the motor’s motion inside the host medium. Up-
per inset: Comparison of the Van Hove correlation functions
Gs(r, t) (t = 400ps) of the host molecules.
folding to a maximum distance ∆l = 1.05L.
RESULTS AND DISCUSSION
Comparison between the motions induced by the
simplified motors and by the azobenzene molecule
We begin our study with a comparison of the effect of
our simplified motor and of the real DR1 molecule on the
surrounding host material’s diffusion. Our purpose here
is to validate the results that we will obtain with the
simplified motors, but also to investigate the pertinent
motions and shape of the motor to induce diffusion. We
show in Figure 4 that comparison for the mean square
displacements (MSD) of the hosts molecules surrounding
the motor, for the MSDs of the motor molecules, and for
the Van Hove correlation functions of the host.
We find similar isomerization-induced host diffusive
motions using the real DR1 motor molecule or our sim-
plified one. For the three different MSD curves, the
host molecules begin escaping the cages created by their
neighbors around 0.02 ns (ending of the plateau of the
MSD) and reach the same diffusive behavior for t > 10
ns. This is quite surprising to find similar isomerization-
induced motions for the three curves as the shapes and
closing processes are quite different. This result suggests
that the detailed shape of the motor is not of major im-
portance to induce diffusion inside the host medium, be-
cause different shapes lead to the same diffusion. The
model motor isomerizes in a simple folding, however that
simple folding leads to similar induced diffusive motions
than the complex folding of the DR1 molecule. That re-
sult suggests that the host motions are mainly induced
by the perpendicular closing of the chromophore and that
the complex closing of the DR1 molecule is not necessary
to induce diffusion inside the host medium. The upper
inset compares the Van Hove distribution functions that
represent the probability to find a molecule at time t a
distance r apart from its initial position. We find similar
Van Hove distribution functions with the simplified mo-
tor and with the DR1 molecule with a small timescale
difference in agreement with the MSD results.
If the host diffusion is the same for the three motors
of Figure 4, the motor diffusion is not the same. The
diffusion of the motor thus depends on its shape. Note
that as we use logarithmic scales in the Figure, the
diffusion coefficient D is not related to the slope of the
mean square displacement, as it will be for a linear scale,
but to the height of the curves. Figure 4 shows that the
diffusion of the motor is significantly larger for the two
model motors displayed than for the true DR1 molecule
(red continuous curve). Interestingly, the larger motor
(black curve) is not the most efficient in the Figure.
These results suggest that it is possible to design motors
that move faster inside the host material51 and that
interesting possibility will be the subject of further work.
To conclude this first part of our study, we find that
the detailed closing of the DR1 molecule as well as
it’s precise shape are not necessary to induce diffusive
motions inside the host medium. We also find that the
isomerization induced diffusion arises mainly from the
perpendicular closing of the motor molecule and not
from the motor arms partial rotation that takes place
during that closing. These results are in agreement
with the versatility of the chromophore’s ado-dyes that
experimentally induce surface relief gratings on various
hosts.
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FIG. 5: (color online) Host diffusion coefficient versus the
length of the arm of the molecular motor (L = LT /2) for
a constant motor’s width W=9.4 A˚. (host 1, σ = 3.45A˚,
l = 5.1A˚, T=10 K)
Molecular motions dependence on the motor’s shape
Motor’s length effect
The host diffusion coefficient variation with the arm
length displays in Figure 5 a threshold followed by a lin-
ear increase of the diffusion. We interpret the linear in-
crease in the framework of the linear response theory, as
a consequence of a small increasing stimulus. The pres-
ence of thresholds agrees well with at least two theories of
the isomerization-induced massive transport. In the cage
breaking theory the host molecules have to be pushed at
least to a nearby cage to induce motion, leading to a
minimum arm length. In the pressure gradient theory
the induced pressure gradient has to overcome the con-
stitutive stress of the material, leading also to a minimum
arm length to initiate motion. Figure 6 shows that the
inverse of the relaxation time52 1/τα presents a thresh-
old as well, followed by a linear increase with respect to
the motor’s arm length L. Since the relaxation time is
related to the viscosity of the material, that result shows
that the viscosity decreases (intermittently) around the
motor only above a threshold value. Below that value of
L, the viscosity of the host material is thus unaffected by
the motor’s motions in our simulations.
The motor’s arm length threshold is Lthreshold ≈ 5A˚ in
these results. Note that the host molecule corresponding
to these data is w = 3.4A˚ wide and l = 5.1A˚ long. The
threshold is thus roughly equal to the host molecule’s
size.
The mean square displacements (MSD) behavior, dis-
played in Figure 7 illustrates the threshold appearance.
Below the threshold, the motions oscillate due to the pe-
riodic isomerizations but without reaching diffusion that
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FIG. 6: (color online) Average α relaxation time (τα) of
host molecules inside the simulation box versus the length of
the arm of the molecular motor (L = LT /2) for a constant
motor’s width W=9.4 A˚. (host 1, σ = 3.45A˚, l = 5.1A˚, T=10
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FIG. 7: (color online) Mean square displacement of host
1 molecules centres of masses below Tg when the isomer-
ization is set on. The different curves represent different
chromophores lengths. From bottom to top (right hand side)
LT =5.4, 6.4, 7.4, 8.4, 9.4, 10.4, 11.4, 12.4, 14.4, 15.4, and
17.4 A˚. The diffusive motions begin for LT = 9.4 A˚, i.e.
L = LT /2 = 4.7 A˚. (host 1, σ = 3.45A˚, l = 5.1A˚, T=10 K)
would lead to a MSD that increases linearly with time
according to the Stokes-Einstein law < r2(t) >= 6Dt
for Brownian motion. Figure 7 also shows that above
the threshold (for L > 5A˚) the molecular motions are
diffusive on long times. We find the same behavior at
higher temperatures (T=40 K), however in this case
the diffusion never cancels totally due to the presence
of thermal diffusion. The thermal diffusion has thus to
be subtracted from our higher temperatures values to
observe the threshold.
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FIG. 8: (color online) Threshold on the motor’s length versus
the width of the motor. The different symbols correspond
to two different hosts: Red circles: host 1, T=10K; Black
circles: host 2, T=40K. The results show that the width
dependence of the threshold is slight.
Motor’s width effect
In the cage breaking picture we do not expect any
threshold for the width as increasing the arm width does
not change the distance we are able to push the sur-
rounding molecules but only the number of molecules
that can be pushed away. In agreement with that picture
we didn’t find any width threshold for the diffusion. If we
do not expect any width threshold, we expect that multi-
plying the width by a mere factor 2 is roughly equivalent
as having two chromophores instead of only one. In that
picture, in the linear response regime the diffusion must
be proportional to the width of the chromophore’s arm
and we expect a rough linear increase of the diffusion with
the width. But our results are in contradiction with that
picture, as Figure 8 shows that the diffusion is almost
constant whatever the chromophore’s width. That result
suggests that the chromophore’s motion disturbs the mo-
tion of molecules in its vicinity resulting in a reduction
of the wider motor ability to push more molecules.
Characteristic length scales that match the
threshold values
In a general picture, the presence of a motor length
threshold for the induced diffusion indicates the presence
of a characteristic length scale in the medium that needs
to be surpassed for efficient induced motions to occur.
To determine the length scale involved, we investigate
the different characteristic length scales of the host ma-
terial and compare them with the threshold value. For
more clarity we make use here of host1 unless otherwise
mentioned. For host 1 we found a motor arm’s threshold
of 4.8A˚ ±0.5A˚, leading to an arm displacement threshold
lθ′ = 5A˚ ±0.5A˚.
In supercooled liquids and amorphous materials,
molecules are transiently trapped inside the cage con-
stituted by their neighbors and the length scale of im-
portance in free-volume theories is the distance Lhostcage
of free motions inside the cage. From the plateau of
the mean square displacement at low temperature <
r2plateau >= 0.06A˚
2 for the host molecules, we obtain
Lhostcage =
√
< r2plateau > = 0.25A˚. Similarly, for the motor
< r2plateau >= 0.94A˚
2 leads to Lmotorcage = 0.97A˚. These
lengths (0.25A˚ and 0.94A˚) are much smaller than our
threshold values that range in between 4 and 5 A˚. As a
result the explanation of the induced diffusion is not to
be searched in the free volume modifications that occur
during the isomerizations.
A second characteristic length scale is given by the size
of the host molecule. The host 1 molecule is linear with a
length of 5.1A˚ and a maximal width of 3.45A˚. The length
of the molecule agrees thus remarkably well for host 1
with the arm displacement threshold. This result is in
qualitative agreement with the cage-breaking picture, as
the size of the host molecule in that picture governs the
possibility to induce diffusion. To be more precise how-
ever we calculate the radial distribution function g(r)
between host molecules (Figure 9). g(r) represents the
probability density to find a molecule a distance r apart
from another molecule. This function gives information
on the microscopic structure of the material. The g(r)
first peak location corresponds to the distance between
a molecule and its first neighbors, while the second peak
corresponds to the second neighbors location. We find in
Figure 9 a first peak located at r0 = 3.7A˚ followed by a
second peak at r1 = 4.4A˚. Then the first minimum is lo-
cated at rmin = 5.7A˚. This last value (rmin) is the length
scale of importance for cage breaking mechanisms as it
corresponds to the location of the barrier of the mean
force potential36 Vmf = −kT.log(g(r)). The distance to
the potential barrier is the distance that must be over-
passed by a host molecule to escape the cage of its neigh-
bors, and thus the distance the motor must push host
molecules away to induce diffusion in the cage breaking
model.
The size of the molecule 5.1A˚ and the position of
the first minimum of the radial distribution function
rmin = 5.7A˚ correspond approximately to the observed
arm displacement threshold value lθ′ = 5A˚. These two
lengths (the molecule’s size and rmin) are directly re-
lated, but the size of the molecule is of particular interest
for experimental purposes as its value is usually known
without having to make any computation.
The two models that predict thresholds, (the gradient
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FIG. 9: (color online) Radial distribution function g(r)
between centers of mass of host 1 molecules. T=10K. Inset:
Structure factor S(Q). The first peak of the structure factor
is located at Q0 = 1.92A˚
−1 leading to a global correlation
length Lglobal = 2pi/Q0 = 3.3A˚.
 1
 10
 100
 0  2  4  6  8  10  12  14  16
<  
r2  
( ∆
t )  
>  
h o
s t 
  (
 Å
2  )
Distance to the motor   D  ( Å )
Lmotor=11.4 Å
Lmotor=15.4 Å
FIG. 10: (color online) Local host mobility µ =< r2(∆t) >
(∆t = 10ns) as a function of the distance D from the mo-
tor, for two different motor molecules. The curves display
an exponential decrease µ = µ0e
−D/R0 with R0 = 4.55 A˚
that is reminiscent of the effect of a wall on the mobility of
confined supercooled liquids55 where it is attributed to co-
operative mechanisms. The host size is σ = 4.56A˚. Host 2,
T=40K, α = 1.32.
pressure model23,24and the cage breaking model35) are
difficult to distinguish due to their similarities. To in-
vestigate the gradient pressure model, in Figure 10 we
display the variation of the induced mobility in the host
(host 2) with the distance of the motor. For this calcula-
tion we divide the sphere surrounding the motor in slices
of 2 A˚ width and calculate the average host mobility in-
side each slice. We find that the mobility of the host
decreases exponentially with the distance to the motor
µ = µ0e
−D/R0 with R0 = 4.55 A˚. The host size is here
σ = 4.56A˚ i.e. R0 ≈ σ. In the gradient pressure model
we would have expected an 1/4pir2 decrease of the diffu-
sion, due to the solid angle decrease of the stimulus (the
gradient pressure), instead of that exponential decrease.
In that model we would also have expected a distance
threshold for diffusion (i.e. that the diffusion stops at dis-
tances r > rthreshold), because in that model the gradient
pressure (that decreases with the distance to the force in-
duced by the motor’s isomerization on nearby molecules)
must overpass the constitutive constraint of the material
to induce motions.
Threshold dependence on the host molecule size
In the previous subsection we found that the thresh-
old δ was approximately equal to the size of the host
molecule. To test that relation further we will vary the
size of the host and study the induced modification of the
threshold. In Figure 11 we use the real DR1 as motor
molecule and vary the size of the host by multiplying the
parameters σij of the Lennard Jones potential, and the
distance between the two atoms of the molecule by the
same factor α. We find that the host diffusive motions
stop when the width of the host σ > 5.4 A˚ i.e. the length
of the host l > 8A˚. Interestingly enough that value corre-
sponds approximately to the lightest arm’s (the arm that
moves the most) size of the DR1 molecule: larm = 7.8A˚.
These results confirm that the threshold is controlled by
the size of the host molecule, as using a constant motor’s
arm the motion stops when the host size is too large.
In Figure 12, using our model motors, we vary the host
molecule size to study its effect on the threshold value.
Each point on that plot correspond to a different host for
which we varied the motor’s length to find the threshold.
The radial distribution function minimum value rmin and
the length of the molecule both evolve here proportion-
ally to the size σ. Figure 12 shows that the threshold
value is proportional to the size of the molecule in the
conditions of our study. This result confirms the exis-
tence of a direct relation between the threshold value
and the host molecule size.
CONCLUSION
The aim of this work was to find the significant param-
eters that control the motion of the molecules around the
folding motor. We found motors size thresholds for the
motions of the molecules. That behavior appears for the
real DR1 motor molecule as well as with our simplified
folding motor. In both cases the threshold is directly re-
lated to the size of the host molecule. The size of the
motor relative to the size of the host is thus a relevant
parameter for the massive mass transport mechanism, in
good agreement with the cage-breaking model35.
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FIG. 11: (color online) Host diffusion coefficient versus the
size of the host molecule, for a constant motor (the real DR1).
σ = α.σ0 is here the size parameter σ11 in the Lennard Jones
potential between atoms of type 1. We chose σ22 and the
distance between the two atoms to increase proportionally
(d = αd0 and σ22 = α.σ
0
22), so that σ varies proportionally to
the length l = d+ (σ11 +σ22)/2 and width w = (σ11 +σ22)/2
of the host molecule. Thus l = 1.48.σ and w = 0.98.σ. The
size of the simulation box is also rescaled in the same way.
The thresholds do not depend significantly on the
width of the motor, also in agreement with the model.
The transport increases linearly with the length of the
motor, a result that shows that we are in the linear the-
ory regime, and is related to an increase of the number
of molecules pushed by the motor. That increase of the
transport with the motor’s size is in agreement with re-
cent experiments54. We found that the induced motions
decrease exponentially with the distance to the motor.
The same behavior has been observed in confined su-
percooled liquids55 where it is attributed to cooperative
motions. Results show that the DR1 molecule and sim-
plified motors of similar sizes, lead to similar transport, a
result that shows that the system is versatile and explains
in part the universality of the observed effects. However
the shape of the motor influences its own motion relative
to the host. This last result could permit to create new
motors that have the ability to move efficiently inside the
medium and work is in progress in that direction.
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FIG. 12: (color online) Threshold values δ on the motor’s
length versus the size (σ) of hosts molecules. The host
molecules are defined by the value of σ. σ = σ11, l = 1.48σ
and w = 0.98σ. The green (light) circles correspond to
thresholds obtained from simulations at T=10K and the red
(dark) circles T=40K. The line in the Figure corresponds to
a threshold δ = 1.1σ + 0.75A˚. The results strongly suggest
a threshold δ determined by the size of the host molecules.
The last point to the right is affected by a larger uncertainty
due to the large size of the host molecules in comparison to
the motor’s atoms.
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